Abstract: This study was carried out to investigate the influence of phosphorus fertilizers on the concentrations of nutrients, particularly calcium, protein, zinc, and iron in finger millet grains grown in different agro-ecologies in Kenya. The on-station experiments were carried out at Kiboko (Eastern Kenya), Kakamega, and Alupe (Western Kenya) in 2015 during the short and long rainy seasons. The trials were laid out in a randomized complete block design (RCBD) in a 4 × 3 factorial arrangement with three replicates. The treatments comprised of four levels of phosphorus (0, 12.5, 25.0 and 37.5 kg ha −1 P 2 O 5 ) and three finger millet varieties (U-15, P-224 and a local variety). Application of phosphorus significantly (p ≤ 0.05) increased the protein content of finger millet grain in varieties in all the three sites. Variety U-15 had the highest protein content (11.0%) at 25 kg ha −1 P 2 O 5 with the control (zero P) on variety P-224 eliciting the lowest (4.4%) at Kiboko. At Kakamega, the 25 kg ha −1 P 2 O 5 treatment with U-15 variety had the highest protein content (15.3%) while the same variety at 12.5 kg ha −1 P 2 O 5 rate elicited the highest protein content (15.0%) at Alupe. Phosphorus application significantly enhanced the nutritional quality of finger millet grains specifically protein, calcium, iron, and zinc. Variety P-224 had the highest calcium content in all sites and highest iron content at Kakamega while the local varieties had the highest zinc content in all sites. The varieties responded differently to each quality component but generally, based on the protein content, the 25 kg ha −1 P 2 O 5 is recommended.
Introduction
Finger millet (Eleusine coracana (L.) Gaertn) is a cereal grass mostly grown for its grain. It is a robust and tillering annual grass of up to 170 cm high [1] [2] [3] . The inflorescence is a panicle with 4-19 finger-like spikes that resemble a fist when mature, hence the name finger millet [1] . The spikes bear up to 70 alternate spikelets, carrying four to seven small seeds [4] . The seed pericarp is independent from the kernel and can be separated easily from the seed coat. Finger millet is a staple food in many of the Southern Asia and African countries where it is one of the major cultivated crops compared to the other regions of the world. It is easily stored for a longer period than most cereals and therefore it is considered as a useful famine crop [3] . The grain is highly nutritious, digestible and multipurpose whereby it can be cooked or ground to make flour for porridge or used to make cakes [2] . Sprouted grains are recommended for infants and elderly people. Finger millet is also used to make liquor and beer, which yields byproducts used for livestock feeding.
In Kenya, most people depend on rice, wheat, and maize for the energy requirements. This monotony has been identified as a possible contributor to the prevalence of many non-communicable diseases [5] . The richness in dietary fiber, calcium, polyphenol, and protein content in millets make them unique among the cereals [6, 7] . Finger millet contains 44.7% compared to 33.9% of essential amino acids that is found in the Food and Agricultural Organization's reference protein as a proportion of the total amino acids content [8, 9] . Generally, millets have higher fat content than maize, rice, and sorghum and contain significant amounts of methionine and cysteine as well as threonine, tryptophan, isoleucine, and valine [10] . Millets are not only comparable to major cereals with respect to their nutritional features but are very good sources of carbohydrates, micronutrients, and phytochemicals with nutraceutical properties. Finger millet contains the highest calcium content (300-350 mg/100 g) among the small millets [11] .
Decline in crop yields and to an extent nutritional status is mainly caused by loss of soil fertility where factors such as erosion, nutrient imbalance, and inherently low soil fertility plays an important role. In humid and sub-humid acid soils, phosphorus (P) is one of the critical elements that limit crop production [12] . The situation is aggravated in smallholder finger millet farms where use of mineral fertilizers is limited or non-existent [13] . The grains of finger millet, being nutritionally superior to rice and wheat, provide alternative source of low cost proteins, especially for poor households. However, low yields of finger millet are attained because most Kenyans live on land with low potential for agriculture and so-called marginal lands with poor soil fertility. Such land accounts for above 80 percent of Kenya's total area. The current study was carried out to evaluate the influence of phosphorus fertilizer on the grain nutritional quality of three finger millet varieties, particularly with respect to protein, calcium, iron, and zinc.
Materials and Methods

Description of the Experimental Sites
Field experiments were conducted at three on-station sites at Kiboko, Kakamega, and Alupe. Collection of soil samples before planting was done on the plough layer (0-30 cm) from all the experimental fields in the study sites. The soil pH (water) was determined electrometrically, nitrogen was determined by the Macro Kjedahl method, phosphorus was determined by the Olsen method, and the soil organic carbon was determined using the Walkley-Black wet oxidation method. Analytical results indicated low P and moderately acidic soils in Busia and Kakamega while soil P in Makueni was mode and alkaline (Table 1) . 
Experimental Design and Treatments
Treatments in the study comprised of three varieties (U-15, P-224, and a Local variety) and four phosphorus rates (0, 12.5, 25.0, and 37.5 kg ha −1 P 2 O 5 ). The 0 kg ha −1 P 2 O 5 rate was the absolute control whereas Ikhulule was the local variety at Kakamega and Alupe while in Kiboko Ekalakala was the local variety check. The experiment was laid out in a randomized complete block design with three replications in a factorial arrangement. The crop was planted by hand drilling and phosphorus supplied as triple superphosphate applied at planting. Standard cultural practices were followed during the growing period as recommended for finger millet. The experiments were carried out for two growing seasons in 2015, the long rains (March to August) and the short rains (September to December).
Laboratory Analyses
Half a kilogram of dried grain samples from each experimental unit were collected and taken for analyses. The samples were ground and passed through a 2-mm screen and analyzed for nitrogen (N), calcium (Ca), iron (Fe), and zinc (Zn). The concentration of total N was determined using a Macro-N-Analyzer (Elementar Hanau Systems, VAP-30 Model, Hanau, Germany) following the Micro-Kjeldhal method as described by Association of Official Analytical Chemists (AOAC) [14] . Nitrogen was converted into protein by multiplying it by the protein factor of 6.25 (N × 6.25). Calcium, zinc, and iron were determined by the atomic absorption spectrophotometer method following the procedures described by the AOAC [14] .
Statistical Analysis
Analysis of variance (ANOVA) was conducted on the collected data using GenStat statistical software (Version 15.1). Mean separation was done where appropriate at a 5% probability level using Fischer's protected Least Significance Difference test.
Results
Grain Protein Content
The protein content of finger millet was significantly (p ≤ 0.05) influenced by both variety and phosphorus level (Table 2) . At Kiboko, the highest protein content (11.0%) was observed at the 25 kg ha −1 P 2 O 5 rate on variety U-15 while the lowest was at zero P (control) with variety P-224 (4.4%). At Kakamega, the highest protein content was observed with the 25 kg ha −1 P 2 O 5 treatment (11.8% and 15.3% for the short and long rain seasons, respectively) while, variety P-224 at zero P had the lowest protein content. At Alupe, a different trend than that of Kiboko and Kakamega was observed in grain protein content. During the long rain season, the highest amount (15.0%) was observed at 12.5 kg ha −1 P 2 O 5 rate with variety U-15 while during the short rains the local variety, Ikhulule had the highest protein content (10.9%) at 12.5 kg ha −1 P 2 O 5 rate. 
Grain Calcium Content
Phosphorus application significantly (p ≤ 0.05) influenced the calcium content of finger millet grains in all the three sites as shown in Table 3 . There was an observable increase in calcium contents with increase in phosphate rates, reaching peak value at 25 kg ha −1 P 2 O 5 followed by an observed drastic drop thereafter. At Kakamega, the calcium content peaked at 25 kg ha −1 P 2 O 5 with a non-significant increase observed afterwards. At Alupe, an increase in calcium contents led to a concomitant increase in phosphorus application rates in both seasons. The control had the lowest calcium content in all the sites with the short rains season at Kakamega showing only 330 mg/100 g while the control at Kiboko showed 390 mg/100 g during the short rains season. The highest calcium grain content (472.2 mg/100 g) was recorded during the same season in the same site.
Significant varietal differences (p ≤ 0.05) were observed in all the sites where variety P-224 showed the highest grain calcium content across the sites (Figure 1 ). The local variety at Kiboko, Ekalakala, was marginally but not significantly higher than variety U-15 while at Kakamega and Alupe the local variety, Ikhulule had higher calcium content compared to variety U-15. The highest calcium content (464.4 mg/100 g) was recorded in variety P-224 grains harvested at Kiboko during the short rains season. 
Phosphorus application significantly (p ≤ 0.05) influenced the calcium content of finger millet grains in all the three sites as shown in Table 3 . There was an observable increase in calcium contents with increase in phosphate rates, reaching peak value at 25 kg ha −1 P2O5 followed by an observed drastic drop thereafter. At Kakamega, the calcium content peaked at 25 kg ha −1 P2O5 with a nonsignificant increase observed afterwards. At Alupe, an increase in calcium contents led to a concomitant increase in phosphorus application rates in both seasons. The control had the lowest calcium content in all the sites with the short rains season at Kakamega showing only 330 mg/100 g while the control at Kiboko showed 390 mg/100 g during the short rains season. The highest calcium grain content (472.2 mg/100 g) was recorded during the same season in the same site.
Grain Iron Content
Significant differences (p ≤ 0.05) between phosphorus treatments were observed in all the sites for both seasons on the grain iron content of finger millet (Figure 2 ). The control had lowest iron content in all sites with the phosphorus-treated plots showing different trends across sites. At Kiboko, P treatments did not show significant differences during the short rains where 12.5 kg ha −1 P 2 O 5 rate elicited highest iron content (4.3 mg/100 g). In the long rains season, highest rate (37.5 kg ha −1 P 2 O 5 ) exhibited a significant decrease in iron content after 25 kg ha −1 P 2 O 5 level where the highest iron content was observed. At Kakamega, there was a linear increase on the iron content with increasing phosphorus level for both seasons, however, there were no significant differences between the phosphorus treatments. 
Significant differences (p ≤ 0.05) between phosphorus treatments were observed in all the sites for both seasons on the grain iron content of finger millet (Figure 2 ). The control had lowest iron content in all sites with the phosphorus-treated plots showing different trends across sites. At Kiboko, P treatments did not show significant differences during the short rains where 12.5 kg ha −1 P2O5 rate elicited highest iron content (4.3 mg/100 g). In the long rains season, highest rate (37.5 kg ha −1 P2O5) exhibited a significant decrease in iron content after 25 kg ha −1 P2O5 level where the highest iron content was observed. At Kakamega, there was a linear increase on the iron content with increasing phosphorus level for both seasons, however, there were no significant differences between the phosphorus treatments. The varieties differed significantly on the iron content in all the sites with differing trends (Figure  3 ). At Kiboko, the local variety, Ekalakala had the highest iron content (4.6 mg/100 g) while the other varieties did not differ significantly. Variety P-224 had the highest iron content at Kakamega for both seasons with 4.7% and 4.1% for the long and short rainy seasons respectively. At Alupe, Ikhulule, the local variety exhibited the highest iron content for both seasons while variety U-15 had the lowest. The varieties differed significantly on the iron content in all the sites with differing trends (Figure 3) . At Kiboko, the local variety, Ekalakala had the highest iron content (4.6 mg/100 g) while the other varieties did not differ significantly. Variety P-224 had the highest iron content at Kakamega for both seasons with 4.7% and 4.1% for the long and short rainy seasons respectively. At Alupe, Ikhulule, the local variety exhibited the highest iron content for both seasons while variety U-15 had the lowest.
The varieties differed significantly on the iron content in all the sites with differing trends (Figure  3 
Grain Zinc Content
The grain zinc content was significantly influenced at p ≤ 0.05 by P rates at all study sites ( Table 4 ). The 12.5 kg ha −1 P 2 O 5 rate had the highest zinc content for both seasons at Kiboko with a maximum of 3.53 mg/100 g observed during the long rains season. At Kakamega and Alupe, the highest phosphorus rate led to the highest grain zinc content with the short rains at Kakamega eliciting the maximum amount (3.87 mg/100 g). The control (zero P) exhibited the lowest zinc grain content in all the sites for both seasons. The varieties differed significantly in all the sites on the zinc content where the local varieties exhibited the highest. Varieties U-15 and P-224 had significantly lower levels of zinc content but there could be no conclusion as to which between them was superior as the pattern interchanged seasonally in all the sites.
Discussion
The grain protein increase with increasing phosphorus application rates is probably due to the significance of P in the synthesis of protein where it acts as an important building part in the amino acids and provision of energy needed for the uptake and transfer of N in the grains of finger millet [15] . The grain endosperms are also the primary sinks for carbon and N compounds [16] and this enhanced the protein content. Several other authors have also reported similar observations. For example, an 8% increase in crude protein of cowpea was recorded with 37.5 kg P ha −1 compared to zero P application in Northern Guinea Savanna of Nigeria [17] . Ali and Mohamad [18] also reported that higher P application led to higher protein content (10.8%) with minimum protein content (9.5%) recorded in control plots of maize. Other studies showed that percentage of lentil seed protein content was increased by applying 40-60 kg P/ha by 8% over the control [19, 20] . Finger millet has high genetic diversity [21] and therefore response to nutrients can vary as shown in the current study. Genotypic variability between the different finger millet varieties on grain quality observed in the study has also been described by Bhoite and Nimbalkar [22] as an effect of responsiveness to nitrogen and phosphorus by cultivars.
The differential calcium content between the sites might be due to the amount of calcium content in the soil where Kiboko had higher amounts than Kakamega and Alupe. Application of phosphorus probably enhanced exchange reactions in the soil by releasing hydrogen ions in the microbial biomass that probably resulted in more availability of Ca. Hence, the concentration of this nutrient in the soil solution increased, improving root architecture and energy provision through ATP leading to uptake of more quantities of calcium which were partitioned to the grains [23, 24] .
Phosphorus is vital in activating various metabolic processes and building plant tissues, therefore its application enhanced the uptake of iron. The increase in iron content in grain could also be due to the P impact on root development that resulted in higher uptake of iron. Increasing grain iron content has a great potential in combating iron deficiency in diets and should have a significant impact on human health [25] . The findings showed higher amounts of iron in the P-224 variety grains compared to those reported by Rao et al. [26] than in selected varieties of finger millet for malting the iron content was around 8.4 mg/100 g, while the local variety at Kiboko and P-224 at Kakamega elicited higher iron contents than that reported to be the average for finger millet grains (3.9 mg/100 g) by Dayakar et al. [12] . The genetic variability in nutrient accumulation has also been reported in a study by Jahan et al. [27] who screened 52 rice genotypes for iron concentration and found that there was an extensive range of variation from 1.32 mg/kg to 100.45 mg/kg. Among 126 accessions of brown rice genotypes, Anuradha et al. [28] also reported that iron concentration ranged from 6.2 mg/kg to 71.6 mg/kg where the local accessions had the highest concentration of iron.
Depending on the soil type, application of P beyond optimum levels can lead to negative interactions with micronutrients such as Zn and that is why at Kiboko it peaked at the 12.5 kg ha −1 P 2 O 5 and a decrease followed thereafter. This agreed with previous work [29] which found that beyond 40 kg ha −1 P 2 O 5 , the tissue mineral content of two amaranth varieties started to decrease. This finding on the increase of grain zinc content with increasing phosphorus are in tandem with those of Loneragan et al. [30] that P application increased the total zinc content accumulation in millet grain of up to 28% due to growth promotion by supplementing P. Therefore, the understanding of optimal plant nutrient requirements is imperative in sustaining the soil environment for cases where higher than optimal P fertilizers lead to increased production costs and negative interaction in uptake of micronutrients such as zinc [15, 31] .
Conclusions
The study demonstrated that application of phosphorus is important in enhancing the protein, calcium, iron, and zinc contents of finger millet and has potential in addressing nutritional and food security challenges, particularly among the vulnerable farmers in Sub-Saharan Africa. Therefore, based on the results, the application of 25 kg ha −1 P 2 O 5 rate is strongly recommended for Kiboko and Kakamega while 12.5 kg ha −1 P 2 O 5 rate is recommended for Alupe. The local varieties should not be ignored because, as observed in all the sites, they contained the highest grain zinc content and highest iron content at Kiboko, breeders can consider this trait during selection to improve other cultivars.
